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ABSTRACT: Dietary benzoic acid (BA) supplemen-
tation causes a pronounced reduction in urinary pH 
but only small changes in blood pH. The present study 
aimed to investigate the portal absorption profile, he-
patic metabolism of BA, and renal excretion of hippuric 
acid (HA) underlying the relatively small impact of BA 
on systemic acid-base status. Eight growing pigs (BW = 
63 ± 1 kg at sampling) fitted with permanent indwell-
ing catheters in the abdominal aorta, hepatic portal 
vein, hepatic vein, and mesenteric vein were allocated 
to 4 sampling blocks and randomly assigned to control 
(CON; nonsupplemented diet) or BA supplementation 
(B; control diet + 1% BA top-dressed). Feed intake was 
restricted to 3.6% of BW and the ration divided into 3 
equally sized meals offered at 8-h intervals. Blood pH 
(7.465 and 7.486 ± 0.004) and urinary pH (4.99 and 
7.01 ± 0.09) were less (P = 0.03 and P < 0.01) in B 
compared with CON. The arterial concentration, net 
portal flux, and net hepatic uptake of BA increased (P 
< 0.01) in B compared with CON. The net portal flux 
of BA increased (P < 0.01) after feeding with B, but 
remained positive (P < 0.01) at all sampling times (n 
= 8). Recovery of dietary BA as increased net portal 
flux and hepatic uptake of BA was 87 ± 5% and 89 ± 
15%, respectively. The recovery of dietary BA as uri-
nary excretion of BA and HA was 0.08 ± 0.02% and 
85 ± 7%, respectively. It is concluded that the small 
impact of BA supplementation on systemic acid-base 
status was caused by a protracted BA absorption and 
efficient hepatic extraction and glycine conjugation in 
combination with efficient renal clearance of HA. To-
gether, these physiological mechanisms prevented ma-
jor BA and HA accumulation in body fluids.
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INTRODUCTION
In the European Union, benzoic acid (BA) is ap-
proved for use in fattening pig diets with an inclusion 
concentration of 0.5 to 1.0% [as fed; DM content 88%; 
regulation (EC) No. 1138/2007] with the aim to re-
duce ammonia emissions from slurry (Guggenbuhl et 
al., 2007; Hansen et al., 2007). In pigs as well as in nu-
merous other species, BA is excreted in urine primarily 
as its glycine conjugate, hippuric acid (HA; Bridges 
et al., 1970). In a previous study [J. V. Nørgaard, K. 
U. Sørensen (Faculty of Agricultural Sciences, Aarhus 
University, Tjele, Denmark), J. A. Fernandéz, S. Wam-
berg, H. D. Poulsen, and N. B. Kristensen], we showed 
that BA supplementation resulted in small changes in 
blood pH. Urinary BA and HA excretion showed rela-
tively little diurnal variation compared with the fast 
consumption of dietary BA in pigs fed twice daily.
Benzoic acid is an organic carboxylic acid and is 
therefore not included in the dietary cation-anion dif-
ference (DCAD) calculation used to estimate dietary 
acid-base load (Kildeberg, 1983). Nonetheless, BA has 
the same effect on urinary acid excretion as anionic 
salts because BA is not oxidized to carbon dioxide. Oxi-
dation to carbon dioxide and pulmonary carbon dioxide 
excretion is quantitatively the most important route 
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of elimination for most organic acids. Only if large 
amounts of slowly metabolizable organic acids (e.g., d-
lactate or ketone bodies) are accumulated in plasma, 
then urinary excretion of organic anions will prevent 
acid excretion in carbon dioxide, causing perturbation 
of systemic acid-base balance (Dobson, 1980). Diets 
containing BA are exceptions to the principle of DCAD 
being a reliable predictor of dietary supplies of nonme-
tabolizable acid or base. However, provided that BA is 
efficiently transferred to urine as HA and subsequently 
cleared from the body fluids, BA can be included in the 
diet without major perturbation of systemic acid-base 
balance.
The objectives of the present study were to investi-
gate absorption, metabolism, and excretion profiles of 
BA and to test if BA supplementation affects splanch-
nic oxygen consumption or metabolism of glucose, lac-
tate, or urea. These objectives were addressed in an 
experiment using multi-catheterized pigs fed diets con-
taining 0 or 1% BA.
The hypothesis was that portal absorption of BA is 
protracted, leaving only minute amounts of BA being 
accumulated in the peripheral blood because of the com-
bined effects of protracted absorption, efficient hepatic 
extraction of absorbed BA, large hepatic capacity for 
glycine conjugation of BA, and elevated renal clearance 
of HA. Together this cascade of interconversions and 
transport capacities of individual organs may maintain 
a limited systemic load of nonmetabolizable acid from 
BA supplementation.
MATERIALS AND METHODS
The present experiment complied with Danish Min-
istry of Justice Law No. 382 (June 10, 1987), Act No. 
726 (September 9, 1993), concerning experiments with 
animals and care of experimental animals.
Animals and Diets
Eight female Duroc × (Danish Landrace × Yorkshire) 
pigs were obtained from the Faculty of Agricultural Sci-
ences, Aarhus University. The pigs were transferred to 
an intensive care facility when BW was approximately 
50 kg. Permanent indwelling catheters made of Tygon 
(S-54-HL, 1.02 mm i.d. × 1.78 mm o.d.; Buch & Holm 
A/S, Herlev, Denmark) were implanted 19 ± 1 d before 
sampling into the abdominal aorta, caudal vena cava 
(catheter not used in the present study), hepatic portal 
vein, hepatic vein, and mesenteric vein. Surgery was 
carried out under general anesthesia maintained with 
isoflurane. For catheterization of the abdominal aorta 
and the caudal vena cava, a superficial tibial branch of 
the saphenous artery was located by palpation, and a 
5- to 7-cm incision was made medial to the artery. The 
saphenous vein and artery were freed from connective 
tissue by blunt dissection. The vein catheter was in-
troduced first and both artery and vein catheters were 
implanted using a wire guide (THSF-25–145, Cook 
Danmark, Bjaeverskov, Denmark). From the point of 
insertion, vena cava and arterial catheters were 35 cm 
long. The arterial and vena cava catheters were tun-
neled subcutaneously to the exteriorization point in the 
lumbar region using long needles. Portal and hepatic 
vein catheters were inserted through an incision in the 
left medial lobe of the liver (Olesen et al., 1989). A 
branch of the portal vein was identified by passing a 
wire guide from the incision to the portal vein to ver-
ify the position of the tip in the portal vein by palpa-
tion. Location of hepatic vein branches was verified by 
cardiac arrhythmia induced by passing the wire guide 
to the right atrium. Catheters were anchored by su-
tures passed through the liver parenchyma. The correct 
placement of hepatic catheters in the hepatic veins of 
all pigs was verified at autopsy 1 to 3 d after sampling. 
The average distance between the tip of the catheters 
and the bifurcation with vena cava was 4.9 ± 0.6 cm. 
Portal vein catheters were placed with the tip at the 
porta hepatica. A purse string suture was placed on 
the cranial mesenteric vein and the catheter introduced 
through a small incision with a tip length of 10 cm. 
The average distance between the tip of the mesenteric 
vein catheter and the portal catheter was 20 ± 3 cm. 
Hepatic, portal, and mesenteric vein catheters were ex-
teriorized in the paralumbar groove. After surgery the 
catheters were filled with saline containing heparin (100 
IU/mL, Heparin LEO, LEO Pharma A/S, Ballerup, 
Denmark), benzyl alcohol (0.1%; Benzyl alcohol +99%, 
Sigma-Aldrich, St. Louis, MO), and benzyl penicillin 
(0.2%; Benzylpenicillin, Panpharma, NordMedica A/S, 
Copenhagen, Denmark). Pigs were treated with antibi-
otics for 5 d after surgery and with analgesics for 3 d 
after surgery. All exteriorization points of the catheters 
(5 at each pig) were cleaned daily and dripped with 
antibiotics (Streptocillin Vet., Boehringer Ingelheim 
Danmark A/S, Copenhagen, Denmark).
Pigs were kept in individual pens with wood shav-
ings as bedding, had free access to demineralized wa-
ter, and were fed a standard finishing diet based on 
barley, wheat, and soybean meal (Table 1). The pigs 
were allocated to 4 sampling blocks (2 blocks sampled 
per sampling day) and randomly assigned to control 
(CON; control diet) or BA treatment (B; control diet 
top-dressed with 10 g/kg of BA; VevoVitall, DSM Spe-
cial Products, Rotterdam, the Netherlands). The feed 
was divided into 3 equally sized portions fed at 0800, 
1600, and 2400 h (3.6 and 3.654% of BW/d for CON 
and B, respectively). Feed intake was adjusted weekly 
and experimental diets fed for at least 7 d before sam-
pling. Pigs were trained to stay in metabolic cages be-
fore sampling, and pigs were trained to human contact 
by daily treatment with a scrubbing brush.
Sampling
Pigs were moved to metabolic cages the day before 
sampling, and a urine catheter was inserted, applying 
aseptic procedures (Rusch Gold, Size 18 balloon cath-
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eter, Teleflex Medical GmbH, Kernen, Germany). At 
the day of sampling, urine catheters were closed with a 
stopper at 0630 h, and the bladder was emptied every 
hour from 0730 until 1430 h. Urinary pH was mea-
sured immediately after collection. Urine was weighed 
and aliquots stored at −20°C for later analysis. Con-
tinuous infusion of p-aminohippuric acid (pAH; 3.4 ± 
0.04 mmol/h) into the mesenteric vein was initiated at 
least 1 h before first sampling. The pAH infusate con-
tained 30 mmol/L of pAH and 126 mmol/L of NaCl, 
was adjusted to pH 7.4, sterile filtered (0.22 μm, TPP 
AG, Trasadingen, Switzerland), and autoclaved. Eight 
sets of blood samples were collected at hourly intervals 
starting at 0730 h. The catheters were primed by col-
lecting 5 mL of blood in a blank syringe and the blood 
discarded, and blood was collected for blood gas and 
oximetry measurements using heparinized 2-mL syring-
es (PICO50, Radiometer A/S, Copenhagen, Denmark). 
Samples were immediately placed on ice. Hereafter, ar-
terial, portal, and hepatic blood samples were collected 
simultaneously using 10-mL disposable syringes and the 
blood was immediately transferred to heparin vacuum 
tubes (#455051, Greiner BioOne GmbH, Kremsmuen-
ster, Austria). Vacuum tubes were placed on ice and 
plasma was harvested by centrifugation at 3,000 × g 
for 20 min at 4°C. Plasma was stored at −20°C until 
analysis.
Analytical Procedures
Hematocrit was immediately determined in arterial 
samples by centrifugation in capillary tubes at 13,000 × 
g for 6 min at 20 to 25°C. Urinary pH was measured us-
ing a combination electrode (PHC2002–8, Hach Lange 
APS, Brønshøj, Denmark) and a pH meter calibrated 
at pH 4.005 and 7.000 (PHM 240, Hach Lange APS). 
Blood pH, blood gasses, and oximetry variables were 
measured using 2 ABL700 Blood Gas Analyzers (Ra-
diometer, Copenhagen, Denmark). The use of 2 instru-
ments ensured a minimum time delay between sampling 
and analysis. Samples were kept on ice until analysis.
Plasma samples were analyzed for glucose and lactate 
using d-glucose oxidase and l-lactate oxidase, respec-
tively (YSI 7100, YSI Inc., Yellow Springs, OH). Plasma 
and urine pAH were deacetylated before analysis by the 
method described by Harvey and Brothers (1962) using 
a continuous flow analyzer (Autoanalyzer 3, method 
US-216–72 Rev. 1, Seal Analytical Ltd., Burgess Hill, 
UK). Before deacetylation of pAH, plasma was depro-
teinized by combining with an equal volume of 20% 
trichloroacetic acid (wt/vol) and the supernatant in-
cubated at 100°C for 1 h. Plasma and urine concentra-
tions of urea were determined by the method described 
by Marsh et al. (1965) using a continuous flow analyzer 
(G-373–07 Rev. 1). Urea was determined in samples 
that had not been heat treated or deproteinized.
Plasma and urine concentrations of BA and HA were 
determined using gas chromatography/mass spectrom-
etry by a modification of the method described previ-
ously for other plasma metabolites by Kristensen et al. 
(2000): 450 μL of plasma, diluted urine, or standard 
was combined with 1,000 μL of acetonitrile, 500 μL 
of ethanol, and 100 μL of internal standard solution 
(2-ethylbutyrate). After mixing and centrifugation, the 
supernatant was added to 100 μL of pyridine and re-
acted with 50 μL of ethyl chloroformate. The reaction 
mixture was extracted with cyclohexane for determina-
tion of BA and chloroform for HA determination.
Calculations and Statistical Analysis
The portal blood plasma flow was calculated as infu-
sion rate of pAH/(portal plasma pAH concentration – 
arterial plasma pAH concentration). The hepatic blood 
plasma flow was calculated as infusion rate of pAH/
(hepatic plasma pAH concentration – arterial plasma 
pAH concentration). The net portal flux was calculated 
as portal blood or plasma flow × (portal concentra-
tion − arterial concentration), using whole blood or 
plasma values as indicated. The net hepatic flux was 
calculated as hepatic blood or plasma flow × hepatic 
concentration − [(portal blood or plasma flow × portal 
concentration) + [(hepatic blood or plasma flow − por-
tal blood or plasma flow) × arterial concentration)]. 
The net splanchnic flux was calculated as hepatic blood 
or plasma flow × (hepatic concentration − arterial 
concentration). Whole blood flows were calculated as 
plasma flow/[1 – (hematocrit/100)]. Positive net fluxes 
indicate production or release, whereas negative net 
fluxes indicate uptake or transfer of the substance.
Urinary excretion rate was calculated as the urinary 
concentration × diuresis at hourly intervals. The renal 
plasma flow was calculated as infusion rate of pAH/
Table 1. Composition of the control diet1 
Ingredient g/kg (as fed)
Barley 579
Wheat 200
Soybean meal, dehulled 176
Animal fat 20.0
Calcium carbonate 15.3
Sodium chloride 3.5
Monocalcium phosphate 1.3
l-Lysine 2.1
l-Threonine 0.6
dl-Methionine 0.4
Vitamin-mineral premix2 2.0
Phytase3 0.3
1Composed to fulfill the Danish recommendations of amino acids 
and minerals for pigs weighing 30 to 55 kg (calculated nutrient con-
tent: DE, 14.7 MJ/kg; CP, 178 g/kg; calcium 7.5 g/kg; total phospho-
rus, 4.1 g/kg; dietary cation-anion difference, 61 mEq/kg).
2Providing per kilogram of diet: 262 mg of calcium; 100 mg of zinc; 
84 mg of iron; 58 mg of sulfur; 42 mg of manganese; 15 mg of copper; 
11 mg of potassium; 0.21 mg of iodine; 0.3 mg of selenium; 84 mg of 
vitamin E; 21 mg of niacin; 10.5 mg of d-pantothenic acid; 2.1 mg of 
vitamin B1; 2.1 mg of vitamin B2; 3.1 mg of vitamin B3; 0.02 mg of vi-
tamin B12; 0.05 mg of biotin; 2.1 mg of vitamin K3; 4,200 IU of vitamin 
A; 420 IU of vitamin D3.
31,000 phytase units/kg of feed added as Natuphos (BASF, Copen-
hagen, Denmark).
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arterial concentration of pAH at steady state, assuming 
complete extraction by first passage (the first sampling 
time was omitted from this calculation). Renal clear-
ance of BA and HA was calculated as urinary excretion 
rate/arterial concentration. Recovery of BA intake as 
increased interorgan flux of BA or HA was calculated 
from the net flux differences between CON and B pigs 
within block.
Data on arterial, urinary, and flux variables were ana-
lyzed using the Mixed procedure (SAS Inst. Inc., Cary, 
NC). The model included the fixed effects of treatment, 
sampling time (time), block, and the treatment × time 
interaction. Pig × treatment was included in the model 
as a random factor. Sampling time within pig was con-
sidered as a repeated measure, using an autoregressive 
order 1 covariance structure.
Renal clearance of BA (calculated from means within 
pig) with only 1 observation within pig, was analyzed 
using a reduced model, not including time. The cor-
relation between net portal fluxes of metabolites was 
analyzed using the Corr procedure of SAS. Data are 
presented as means ± residual SEM. In a few blood 
sample sets, the hepatic blood flow was observed to be 
less than the portal blood flow. This is considered to be 
biologically impossible and is assumed to be caused by 
obtaining nonrepresentative samples of portal blood. 
When hepatic flow was observed to be less than the 
portal flow, blood plasma flows were set equal to the 
hepatic blood flow.
RESULTS AND DISCUSSION
All pigs included in the study recovered rapidly after 
surgery, and no feed refusals were observed before and 
during the sampling period. No infections of subcutane-
ous catheter tunnels or at the points where catheters 
penetrated the peritoneum were observed at the time 
of autopsy. We observed signs of mild bladder infec-
tions with CON. However, these infections were mild, 
and urine catheters were inserted for less than 24 h. All 
indwelling blood catheters were functional on the day 
of sampling, and all samples were obtained according 
to the preplanned sampling scheme. Pigs weighed 63 ± 
1 kg of BW at the time of sampling.
Arterial Variables
Arterial blood pH decreased (P = 0.03) in B com-
pared with CON; however, the numerical change was 
relatively small and within previously observed diur-
nal variation (Judge et al., 1973; Van Leeuwen et al., 
1995; Table 2). Dersjant-Li et al. (2002) reduced DCAD 
by 300 mEq/kg feed using anionic salts and observed 
a greater reduction in arterial blood pH (below 7.46) 
compared with the present study. However, taken to-
gether, these data indicate that pigs are very efficient 
in eliminating loads of nonmetabolizable acids, thereby 
maintaining arterial blood pH in a normal range within 
a large range of dietary DCAD.
Arterial hematocrit and arterial concentrations of 
oxygen and carbon dioxide were not affected (P > 
0.13) by treatment. The hematocrit was affected by 
time (P = 0.04), and the greatest value was obtained 
0.5 h after feeding (30.1 ± 0.5%). The arterial oxygen 
concentration was greatest (5.9 ± 0.1 mmol/L) at the 
initial 2 samplings and decreased (P < 0.01) slightly as 
sampling progressed. Arterial carbon dioxide concen-
trations increased (P < 0.01) after feeding with zenith 
occurring 2.5 h after feeding (27.8 ± 0.3 mmol/L).
A treatment × time interaction was observed (P < 
0.01) for the arterial concentrations of BA and HA. 
With B, a sharp postprandial increase in BA concentra-
tion was observed (Figure 1). For HA, the postprandial 
increase was less pronounced compared with BA, and 
the arterial concentration remained greater in B com-
pared with CON at all sampling times (Figure 2).
A postprandial increase (P = 0.02 to P < 0.01) in 
arterial concentrations of glucose and lactate was ob-
served with lactate showing the sharpest and greatest 
increase. The arterial urea concentration appeared as 
relatively stable during sampling, although a numeri-
Table 2. Arterial variables 
Item
Treatment1
SEM
P-value
CON B Treatment Time Treatment × time
Whole blood
 Hematocrit, % 28.53 28.55 0.37 0.98 0.04 0.93
 Blood pH 7.486 7.465 0.004 0.03 0.70 0.78
 Oxygen, mmol/L 5.59 5.50 0.12 0.61 <0.01 0.61
 Carbon dioxide, mmol/L 27.37 26.44 0.31 0.13 <0.01 0.61
Blood plasma
 BA, μmol/L 0.3 36.3 3.6 <0.01 <0.01 <0.01
 HA,2 mmol/L 0.017 0.165 0.008 <0.01 <0.01 <0.01
 Glucose, mmol/L 6.19 5.92 0.23 0.48 0.02 0.24
 l-Lactate, mmol/L 1.23 1.18 0.04 0.36 <0.01 0.76
 Urea, mmol/L 2.48 1.61 0.36 0.19 <0.01 0.47
1Treatments were control diet (CON) or control diet added 1% benzoic acid (BA) as top-dress (B; n = 4).
2HA = hippuric acid.
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cally small postprandial decrease could be detected (P 
< 0.01).
Urine and Renal Variables
Urine pH was markedly reduced (P < 0.01) in B 
compared with CON (Table 3). Urine pH remained less 
in B compared with CON at all sampling times, and 
urine pH was slightly decreasing (P = 0.02) with treat-
ments as sampling progressed.
Urinary BA excretion was greater in B compared with 
CON except at 6.5 h after feeding (treatment × time 
interaction; P = 0.03). Urinary BA excretion peaked 
1.5 h after feeding. Urinary HA excretion was greater 
at all sampling times in B compared with CON. With 
B, the HA excretion showed a further increase from 1.5 
to 3.5 h after feeding (treatment × time interaction; 
P < 0.01). With B, the urinary excretion of HA was 
more than 900-fold greater than the urinary excretion 
of BA.
The urinary pAH excretion accounted for all infused 
pAH and was not affected (P = 0.39) by treatment. 
Urinary urea excretion was not affected by treatment 
(P = 0.88). The renal plasma flow was not affected (P 
= 0.88) by treatment, but increased (P < 0.01) slightly 
after feeding with zenith observed 1.5 to 2.5 h after 
feeding. Renal HA clearance was greater (P = 0.02) 
in B compared with CON. With B, the HA clearance 
was equal to the estimated renal plasma flow calcu-
lated from the infusion rate and plasma concentration 
of pAH, which indicates a close to 100% extraction rate 
of HA at the present arterial concentrations. This is in 
line with the active tubular secretion of HA derivatives 
like pAH (Newman et al., 1949). The renal BA clear-
ance was markedly less than the HA clearance, which 
is in line with the assumed absence of an active tubular 
secretion of BA and the apolar nature of BA.
Blood Flows and Portal and Hepatic  
Net Fluxes
The portal vein, hepatic vein, and the hepatic arterial 
blood flows were not affected (P = 0.15 to P = 0.78) by 
treatment (Table 4). The portal blood flow was affected 
(P = 0.01) by time, reflecting a numerically small post-
prandial increase (data not shown).
The net portal uptake (negative net portal flux) of 
oxygen increased (P < 0.01) markedly after feeding, 
and the oxygen flux gradually returned to the prepran-
dial level as sampling progressed. A treatment × time 
interaction (P = 0.01) was detected for the net portal 
flux of carbon dioxide, and this interaction may reflect 
a greater postprandial increase in CON compared with 
B; however, data on carbon dioxide seemed more vari-
able than data on oxygen fluxes, and the observed pat-
tern of the carbon dioxide flux appeared more variable 
than that of oxygen.
A treatment × time interaction was observed (P < 
0.01) for the net portal flux of BA, reflecting a sharp 
increase in BA net flux after feeding. However, contrary 
to the concentration profile of BA in arterial blood plas-
ma, the net portal flux of BA with B remained greater 
than zero and greater than CON for all sampling times 
(data not shown). A treatment × time interaction (P = 
0.02) was observed for the net portal flux of HA reflect-
ing negative net fluxes at the 2 first sampling times at 
0.5 h before and after feeding. These negative net fluxes 
were not observed at later sampling times; nonetheless, 
these observations were determinant for the calculated 
average net fluxes.
Figure 1. Arterial blood plasma concentration of benzoic acid 
(BA) in pigs fed a control diet (circles) or a control diet + 1% BA as 
top-dress (squares). The figure shows a treatment × time interaction 
(P < 0.01) for the arterial concentration of BA with a large postpran-
dial increase in the arterial concentration of BA in pigs fed 1% BA as 
top-dress compared with no postprandial change with the control diet. 
Eight hourly samples were obtained starting 0.5 h before feeding. Pigs 
were fed 3 equally sized meals per day. Each data point is the mean of 
4 observations ± SE.
Figure 2. Arterial blood plasma concentration of hippuric acid 
(HA) in pigs fed a control diet (circles) and a control diet + 1% ben-
zoic acid (BA) as top-dress (squares). The figure shows a postprandial 
increase in the arterial concentration of HA in pigs fed 1% BA as top-
dress compared with a relatively stable concentration of arterial HA 
with the control. Eight hourly samples were obtained starting 0.5 h 
before feeding. Pigs were fed 3 equally sized meals per day. Each data 
point is the mean of 4 observations ± SE.
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The net portal flux of glucose and lactate increased 
after feeding (P < 0.01), and the net portal uptake 
(negative net flux) of urea decreased slightly as sam-
pling progressed (P = 0.04). No effect of treatment (P 
= 0.20 to P = 0.95) was observed for net portal fluxes 
of glucose, lactate, or urea.
The net portal fluxes of BA and glucose, derived from 
dietary starch, were strongly correlated (r = 0.76; P < 
0.01; Figure 3), indicating that BA, despite of the fast 
consumption of the feed, was absorbed relatively slowly 
from the gut. The log of net portal flux of BA against 
time after feeding was linear in the interval of 0.5 to 4.5 
h after feeding with an average slope of −16 ± 3%/h 
and a tail representing a greater net flux in the late 
postprandial phase than predicted from a first-order 
kinetic model (Figure 4). The log of net portal flux of 
glucose with B was linear in the whole interval from 0.5 
to 7.5 h after feeding with a slope of −7 ± 2%/h. The 
2 slopes were not different when compared by a paired 
2-tailed t-test. The limited number of pigs prevents 
strong conclusions on the comparison of glucose and 
BA absorption profiles; however, calculations on previ-
ous work on glucose absorption kinetics in growing pigs 
and sows show similar rates of decrease in absorption 
after the maximum absorption rate typically observed 
1 to 2 h after feeding 4%/h (Serena et al., 2009), 8% in 
growing pigs (Van der Meulen et al., 1997), and 10% in 
growing pigs (Rérat et al., 1993). It appears as if the 
rate of decrease in BA absorption is steeper than most 
of the cited absorption profiles on glucose from starch. 
Table 3. Urine and renal variables 
Item
Treatment1
SEM
P-value
CON B Treatment Time Treatment × time
Urine pH 7.01 4.99 0.09 <0.01 0.02 0.12
Diuresis, L/h 0.20 0.26 0.05 0.49 0.39 0.93
BA excretion, μmol/h 0.86 7.33 1.01 0.02 <0.01 0.03
HA2 excretion, mmol/h 0.31 6.71 0.38 <0.01 <0.01 <0.01
pAH3 excretion, mmol/h 3.48 4.14 0.47 0.39 0.35 0.47
Urea excretion, mmol/h 14.3 15.6 4.4 0.86 0.24 0.68
Renal plasma flow, L/h 45 45 3 0.88 <0.01 0.59
Renal clearance of HA, L/h 21 45 4 0.02 0.01 0.07
Renal clearance of BA, L/h — 0.71 0.13 — — —
1Treatments were control diet (CON) or control diet added 1% benzoic acid (BA) as top-dress (B; n = 4).
2HA = hippuric acid.
3pAH = p-aminohippuric acid.
Table 4. Blood flows and net portal, net hepatic, and net splanchnic fluxes 
Item
Treatment1
SEM
P-value
CON B Treatment Time Treatment × time
Blood plasma flows
 Portal, L/h 138 133 13 0.78 0.01 0.13
 Hepatic, L/h 148 165 9 0.28 0.14 0.72
 Hepatic artery, L/h 10 33 8 0.15 0.68 0.61
Net portal whole blood flux
 Oxygen, mmol/h −232 −227 10 0.77 <0.01 0.96
 Carbon dioxide, mmol/h 307 286 27 0.61 <0.01 0.01
Net portal blood plasma flux
 BA, mmol/h 0.2 6.7 0.4 <0.01 <0.01 <0.01
 HA,2 mmol/h −0.02 −1.6 0.4 0.02 0.08 0.02
 Glucose, mmol/h 154 184 13 0.20 <0.01 0.46
 l-Lactate, mmol/h 37 42 5 0.49 <0.01 0.61
 Urea, mmol/h −0.87 −0.85 1.06 0.95 0.04 0.40
Net hepatic whole blood flux
 Oxygen, mmol/h −146 −212 35 0.28 0.33 0.23
 Carbon dioxide, mmol/h 27 151 41 0.12 0.52 0.24
Net hepatic blood plasma flux
 BA, mmol/h −0.2 −6.8 0.9 <0.01 <0.01 <0.01
 HA, mmol/h 0.3 7.4 1.5 0.04 <0.01 <0.01
 Glucose, mmol/h 5 16 11 0.49 <0.01 0.04
 l-Lactate, mmol/h 7 4 7 0.76 <0.01 0.61
 Urea, mmol/h 12.0 8.7 1.2 0.16 0.06 0.28
1Treatments were control diet (CON) or control diet added 1% benzoic acid (BA) as top-dress (B; n = 4).
2HA = hippuric acid.
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Rérat et al. (1990) fed hydrolyzed lactose to pigs and 
observed an elevated initial absorption rate of glucose 
with a slope of 19%/h which is similar to our BA slope 
of 16%/h. Our data, therefore, indicate that BA is not 
substantially absorbed from the stomach, but the rate 
of absorption is in the range between glucose absorp-
tion from raw starch and free glucose.
It appears that the protracted absorption of BA is 
one of the reasons for the small impact of BA supple-
mentation on acid-base status of the pigs. The increase 
in arterial BA concentration after feeding indicates that 
the capacity of the liver to metabolize absorbed BA is 
exceeded as also reflected by a numerical reduction in 
the hepatic extraction ratio for BA (data not shown). 
If in fact BA had been absorbed faster from the gut, 
it may have caused greater peripheral concentrations 
of BA along with an acidification of the extracellular 
compartment.
The net hepatic fluxes of oxygen and carbon dioxide 
were not affected by treatment (P = 0.12 to P = 0.28) 
or time (P = 0.33 to P 0.52). The pattern of net hepatic 
uptake (negative net hepatic flux) of BA reflected the 
net portal flux of BA (treatment × time interaction; P 
< 0.01), and likewise the net hepatic flux of HA mir-
rored the BA uptake (treatment × time interaction; P 
< 0.01). A treatment × time interaction was observed 
(P = 0.04) for the net hepatic flux of glucose, reflecting 
a more marked shift from the hepatic glucose output 
to glucose uptake in CON compared with B. The net 
hepatic flux of lactate changed from net release before 
feeding to net uptake 1.5 to 2.5 h after feeding (P < 
0.01).
BA Recovery
The increase in net portal flux and net hepatic up-
take of BA in B compared with CON accounted for 
87 ± 5% and 89 ± 15% of the dietary BA intake, re-
spectively (Table 5). The hepatic output of HA ac-
counted for 95 ± 31% of the BA intake and agreed 
well with results on BA recovery. The estimates of BA 
recovery based on plasma fluxes of HA were associated 
with greater uncertainty because of the greater arterial 
blood concentration of HA compared with BA. There-
fore, HA fluxes are based on concentration differences 
that become relatively smaller compared with the total 
concentration in the samples. The recovery of dietary 
BA as net splanchnic flux of HA was smaller than the 
estimate based on net hepatic flux because of the initial 
Figure 3. Correlation between net portal flux of glucose and net 
portal flux of benzoic acid (BA) in pigs fed a control diet + 1% BA as 
top-dress. The figure shows that the net portal fluxes of BA and glu-
cose, derived from dietary starch, were strongly correlated (r = 0.76; 
P < 0.01), indicating that BA, despite the fast consumption of the 
feed, was absorbed relatively slowly from the gut. Different symbols 
indicate different pigs. Data points are individual samples from each 
pig obtained from 0.5 h before feeding and hourly sampling until 6.5 
h after feeding. Feed was offered restrictively in 3 equally sized meals 
at 8-h intervals.
Figure 4. Net portal flux (log scale) of benzoic acid (BA) in pigs 
fed a control diet + 1% BA as top-dress. Samples were collected hourly 
from 0.5 h before feeding and until 6.5 h after feeding. The figure 
shows that the log of net portal flux of BA against time after feeding 
was linear in the interval of 0.5 to 4.5 h after feeding with an average 
slope of −16 ± 3%/h and had a tail representing a greater net flux in 
the late postprandial phase than predicted from a first-order kinetic 
model. Each data point is the mean of 4 observations ± SE.
Table 5. Recovery of dietary benzoic acid (BA) in in-
terorgan fluxes and excretion of benzoic and hippuric 
acid (HA) 
Item
Recovery of 
dietary BA,1 % SEM
Net portal flux of BA 87 5
Net hepatic flux of BA 89 15
Net hepatic flux of HA 95 31
Net splanchnic flux of HA2 74 28
Urinary BA excretion 0.08 0.02
Urinary HA excretion 85 7
1Recovery was calculated as the increase in interorgan fluxes or in-
crease in urinary excretion of BA or HA in percent of difference in 
dietary BA intake between pigs within block. Treatments were control 
diet or control diet added 1% BA as top-dress (n = 4).
2Net splanchnic flux is calculated as net portal flux + net hepatic 
flux.
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negative net portal fluxes of HA included in the calcu-
lation. Very little BA was recovered as BA in the urine 
(0.08 ± 0.02%), showing that urinary BA excretion is 
of no importance for maintaining acid-base homeosta-
sis of pigs. The urinary excretion of HA is in excellent 
agreement with the observed absorption and hepatic 
BA uptake, indicating that the primary (or only) quan-
titatively important route of elimination of BA is uri-
nary excretion of HA.
In conclusion, adding 1% BA to a standard diet for 
growing pigs markedly acidified the urine pH but only 
slightly reduced blood pH. The small impact of BA on 
blood pH was obtained by protracted BA absorption, 
efficient hepatic uptake of BA, and conjugation of BA 
to HA, which was efficiently cleared by the kidneys. No 
other effects of BA supplementation were detected with 
regard to interorgan fluxes of oxygen, carbon dioxide, 
glucose, lactate, or urea.
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